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ABSTRACT
Infrasound waves generated during volcanic eruptions and recorded near the
vent are used to study both changing atmospheric conditions and volcano eruption
source characteristics. Infrasound data were recorded for a 32 month period at Volca´n
Tungurahua (Ecuador) by a five-station network located within 6.5 km from the
vent. Infrasound detections made through cross-network correlation indicate cyclic
eruptive behavior, which is corroborated by reports from the Ecuadorian monitoring
agency. Cross-network correlation lag times are used to compute ∼10 m resolution
infrasound source positions, which take into account NOAA models of local wind and
temperature. Variable infrasound-derived source locations suggests source migration
during the 32 months of analyzed data. Such source position variability is expected
following energetic eruptions that destructively altered crater/vent morphology. Sig-
nificant changes in crater/vent morphology are corroborated in imagery obtained
during regular overflights.
Variations in cross-network lag times over short time periods (minutes to days)
are observed when vent location is stable, and these variations are attributed to short-
term changes in atmospheric structure. Assuming a fixed source location, calculated
air temperatures and winds in Tungurahua’s vicinity (< 6.5 km) show evidence for
both diurnal and semidiurnal tropospheric tides. Computed winds for the August
2012 eruptive period are predominantly easterlies and in agreement with both NOAA
models and mapped ash deposits. Good agreement between computed wind directions
and tephra deposits suggest that infrasound-derived winds can be utilized as input
vi
for ash dispersal modeling and can help to improve SO2 gas flux estimation.
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1CHAPTER 1
INTRODUCTION
1.1 Volcanic activity and infrasound studies at Volca´n Tun-
gurahua
1.1.1 Overview
Volca´n Tungurahua (1.47oS, 78.45oW) is a conical andesitic stratovolcano located
in Ecuador in the Cordillera Real (Figure 1.1). Two prehistoric sector collapses and
subsequent rebuilding have shaped the current volcano edifice, which has an altitude
of 5023 m a.s.l. and base width of 16 km (Hall et al., 1999). Before 1999, four
major and at least six minor historic eruptions were characterized by lava extrusion,
pyroclastic density currents (PDCs), and tephra fallouts (Hall et al., 1999). In
September 1999, increased seismic activity showed that the volcano was reactivating,
leading to a vulcanian eruption on October 5th, 1999 (Johnson et al., 2003). Between
1999 and 2004 almost continuous explosive activity was registered at Tungurahua,
but with six periods of quiescence that lasted up to tens of days (Johnson et al.,
2005; Hidalgo et al., 2015). Throughout most of 2005, Tungurahua was in repose,
but progressively its activity increased in May 2006 leading to PDC-forming eruptions
in July and August 2006 (Hidalgo et al., 2015). Nearly continuous degassing activity
continued until August 2008, with a distinctive eruptive pulse on February 6th 2008,
2which also generated PDCs (Hidalgo et al., 2015; Fee et al., 2010). After August
2008 the activity became intermittent with at least eighteen well-defined episodic
eruptions recognized until the time of writing (Hidalgo et al., 2015; weekly reports
from Instituto Geofisico). One exception of episodic activity was recognized between
November 2011 and September 2012, where infrasound activity was almost continuous
corresponding to short-lived explosions and a few sustain degassing events (Hildalgo
et al., 2015). This study focuses on Tungurahua’s infrasound activity from January
2010 to August 2012.
  
Figure 1.1: View of Volca´n Tungurahua as seen from the south, including
its locator map. Photo courtesy of Patricio Ramo´n, taken on November
19th, 2010.
31.1.2 Infrasound studies at Volca´n Tungurahua
Infrasound monitoring at Tungurahua has been employed to successfully detect
ash venting and to understand the relation between infrasound power and plume
dynamics (eg. Garces et al., 2007; Matoza et al., 2009). Infrasound arrays were
installed in Ecuador, under the project Acoustic Surveillance for Hazardous Erup-
tions (ASHE), to monitor ash plumes and to provide low-latency notifications to
the Volcanic Ash Advisory Center (VAAC) (Garces et al., 2008). The notification
system was designed and tested using Tungurahua’s infrasound signatures recorded
in 2006, that ranged from low ash-producing background tremor to intense ash-laden
vulcanican to plinian eruptions (Garces et al., 2008). Autonomous notifications were
triggered on February 6th 2008, within six minutes of substantial eruptive changes
using the RIOE infrasound array located 37 km southwest of Volca´n Tungurahua
(Garces et al., 2008). Further refinement of the ash notification system was presented
by Fee et al. (2010), along with comparisons between infrasound power and ash
plume height. These comparisons also were presented by Steffke et al. (2010) using
the same four eruptive periods, between 2006 and 2008, where they found that for
major and sustain eruptions (vulcanian or bigger), infrasound power escalates with
ash plume height. However, plume heights of strombolian eruptions were hard to
correlate with infrasound power because of the low temporal and spatial resolutions
of the method used to compute plume sizes (Steffke et al., 2010). Also, for small
transient explosions, Johnson et al. (2005) found poor scaling of seismic-acoustic
energies with plume heights, although the infrasound onset amplitude may be related
to the initial plume acceleration.
Further study has focused on jet infrasound and asymmetric acoustic radiation
4at Tungurahua. Matoza et al. (2009) showed that the lowermost part of an eruptive
column radiates a lower frequency form of jet noise during sustained vulcanian to
plinian eruptions. However additional spectral complexities are observed in infra-
sound produced by Tungurahua’s volcanic jets, which could be explained by the
temperature, density, buoyancy, and the amount of particles in the column as well as
plume interactions with the conduit, vent, and crater (Matoza et al., 2009; Matoza
et al., 2013). The need of new scaling laws between infrasound intensity and gas
exit velocity were described by Matoza et al. (2013), who showed that the monopole,
dipole, and quadrupole sources were not appropriate for Tungurahua’s volcanic jets in
the far field (∼ 37 km). However, Palacios et al. (2016) argued that in the near field
(< 6 km) the volcanic jets have a dominant dipole nature, similar to those infrasonic
transients studied by Kim et al. (2012). Kim et al. (2012) showed that the mean
dipole direction of infrasonic transients are controlled by the crater geometry, which
appears to focus most of the infrasound energy to the northwest.
Tungurahua appears to produce a broad spectrum of infrasound signatures, rang-
ing from volumetric to higher-order sources. Ruiz et al. (2006) classified and described
three types of degassing events produced by Volca´n Tungurahua based upon temporal
and spectral properties of corresponding seismic and infrasound waveforms, having
special attention to 361 explosion events that consistently were located at shallow
depths (< 200 m from the crater floor). In addition, Matoza et al. (2014) analyzed
187 explosion events to extract infrasound signal metrics (e.g., duration, maximum
amplitude, energy), thus highlighting the complexity and variability of individual
events and the broad overall characteristics and similarities of Tungurahua’s signals
with waveforms recorded at Sakurajima and Karymsky volcanoes.
51.2 Inferring wind velocity and air temperature using vol-
cano infrasound
Parameters of interest in volcano monitoring are tephra dispersion and deposition,
and SO2 gas flux estimation. Quantification of these parameters depends on data
availability of wind velocity, since numerical simulations of tephra need wind as
input to forecast affected areas, and similarly, current techniques to measure SO2
(eg. DOAS, COSPEC) use wind velocities to integrated the total gas within the
plume. Consequently, here I present a method to simultaneously infer air temperature
and wind velocity, using infrasound produced during eruptive periods of Volca´n
Tungurahua, between January 2010 and August 2012.
Infrasound waves traveling over long distances (> 400 km) have been used to
obtain information about the upper atmosphere. Wilson et al. (1966) reported
azimuth deviations for six explosions originating at Mt. Redoubt, 550 km away from
the recording site, that could not be attributed to deflection of infrasound waves
by wind. Later, Le Pichon et al. (2005) and Le Pichon and Blanc (2005) used
azimuth deviations of infrasound waves generated on volcanoes located in the Vanuatu
archipielago over several months to constrain mesosphere and lower thermosphere
winds and as a result to improve the NRL-G2S semi-empirical model. A multiyear
validation of NRL-G2S winds was performed by Antier et al. (2007), using persistent
infrasound from Yasur volcano. Similarly, Assink et al. (2012) used intense infrasound
waves generated by Volca´n Tungurahua to show a relation between travel times of
waves propagating in the thermosphere and atmospheric tides, and demonstrated the
use of these travel times to monitor the upper atmosphere.
Near-vent infrasound studies have also provided information about the atmo-
6spheric structure. For instance, Fee and Garces (2007) found that amplitudes of
infrasound tremor generated at Pu’u O’o (Kilauea’s active vent) and recorded 12.5
km away were regulated by local wind speeds; high wind regimes result in low tremor
amplitudes while low wind regimes result in high amplitudes. Also, Fee and Garces
(2007) reported an infrasound noise band between 0.02-0.3 Hz, whose amplitudes
scale with locally observed wind speed. Later, Matoza et al. (2010) reported that
the noise band extended up to 0.5 Hz. Matoza et al. (2010) also showed that
back azimuths, inferred from source-receiver azimuths, are modulated by prevailing
east-northeasterly trade winds as they deflect the infrasound waves. Changes in
infrasonic tremor amplitudes along with wave travel times were utilized by Johnson
et al. (2012) to probe the local atmosphere around Volca´n Villarrica, thus obtaining
vertical profiles of air temperatures and wind velocities. Marcillo and Johnson (2010)
used infrasound tremor produced by sustained degassing at Halema’uma’u (Kilauea’s
active vent) to invert for near-surface wind velocities; they attributed changes in wave
travel times (up to 4% of wave travel times between source and receiver) to changes
in atmospheric conditions.
A component of this study is to investigate lower trosposphere dynamics by study-
ing near-vent infrasound wave propagation. These waves traveling a few kilometers (<
15 km) contain information of troposphere conditions, but deficiency of appropriate
mathematical models and poor experimental configurations led to qualitative relations
or rough estimates of air temperature and wind velocities. Fee and Garces (2007)
and Matoza et al. (2010) attempted to compute wind velocities based on amplitude
distributions of infrasonic noise observed at Kilauea, but were not able to determine
the wind direction or the conversion factor between amplitudes and wind speeds.
Johnson et al. (2012) obtained vertical profiles of wind and air temperature on
7the NNW direction (same direction from the vent to the arrays), however they did
not get a robust spatial measurement of atmosphere properties due to the absence
of azimuthal coverage of receivers. The number of receivers used by Marcillo and
Johnson (2010) to detect infrasound waves did not allow them to invert simultaneously
for wind velocity and air temperature; instead they obtained air temperature from a
local weather station. Also, the experimental setup designed by Marcillo and Johnson
(2010) lacked azimuthal coverage (receivers mainly located northeast of the vent),
which may have resulted in high uncertainties on the computed wind velocities around
Halema’uma’u.
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METHODS
This chapter presents the method to compute wind velocities and air temperatures
from volcano infrasound. First, I introduce the mathematical model that relates
wave travel times with wind velocity and air temperature, and show how to solve the
model using the ordinary least squares approach, which includes computation of result
uncertainties. Then I describe the infrasound instrumentation and layout at Volca´n
Tungurahua, including a summary of data availability and reliability. A discussion of
the procedure to calculate and distinguish travel times of volcanic signals from other
phenomena follows. The chapter finishes with an explanation of approximations and
computation of wave travel paths.
2.1 Model
The relative travel time ∆tab, of an acoustic wave detected at receivers a and b
can be approximated as (Marcillo and Johnson, 2010):
∆tab =
da
c+−→w · −→u a −
db
c+−→w · −→u b (2.1)
where da and db are the distances between the source and the receivers a and b
respectively, c is the adiabatic speed of sound, −→w is a homogeneous two-dimensional
wind, and −→u a and −→u b are the unit vectors radially oriented from the source to the
9receivers a and b, respectively. The relative travel times are computed in seconds
[s], the distances between source and receivers are measured in meters [m], speed of
sound and wind velocity have units of meters per second [m/s], and the unit vectors
are dimensionless.
The adiabatic speed of sound is also related to the air temperature, T , as: c =√
γRT/M , where γ is the adiabatic index, R is the specific gas constant, and M is
the molar mass of the gas. Temperature has Kelvin units [oK], γ and M for dry air
are equal to 1.4 and 0.02895 kg/mol, and R is equal to 8.3144 J ·mol−1 ·Ko−1.
2.1.1 Linear model
In order to use the ordinary least squares approach to solve for c and −→w it is
necessary to obtain a linear relationship from Equation 2.1. For this purpose, first-
order Taylor series expansions are performed for −→w · −→u a and −→w · −→u b, since both are
small compared to c (∼5% of c). Specifically the fractions in the right hand side of
Equation 2.1 are approximated as:
da
c
(
1
1 +
−→w ·−→u a
c
)
≈ da
c
(
1−
−→w · −→u a
c
)
(2.2)
db
c
(
1
1 +
−→w ·−→u b
c
)
≈ db
c
(
1−
−→w · −→u b
c
)
(2.3)
These approximations lead to (Marcillo and Johnson, 2010):
∆tab · c2 − (da − db) · c = wx · (db · ubx − da · uax) + wy · (db · uby − da · uay) (2.4)
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where the subscripts x and y indicate the components of wind and unit vectors
oriented with respect to the east-west and north-south directions, respectively. Note
that four is the minimum number of receivers required to compute c, wx, and wy,
because at least three independent relations can be formed using Equation 2.4. As
an example, let a, b, e, and f be four receivers, one possible system of equations is:

da − db da · uax − db · ubx da · uay − db · uby
da − de da · uax − de · uex da · uay − de · uey
da − df da · uax − df · ufx da · uay − df · ufy


1
c
−wx
c2
−wy
c2
 =

∆tab
∆tae
∆taf
 (2.5)
where the subscripts a, b, e, and f are related to the receiver name. Following
Menke (2012) notation, Equation 2.5 can be written as:
Gm = d (2.6)
where G is the Jacobian matrix, m is the parameter vector, and d is the data
vector. For an overdetermined system of equations (more data points than number
of unknowns), the m˜ that minimizes ||Gm− d||22 is given by (Menke, 2012):
m˜ = (GTG)−1GTd (2.7)
Confidence intervals can be computed for each element of m˜ as follows:
mi = m˜i ± tα ·
√
[cov m]ii (2.8)
where the subscript i refers to the ith-element of m or m˜, tα is the t-value, and
cov m = σ2p
[
GTG
]−1
. σ2p is known as the posteriori variance and is used when
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information about the uncertainties of the measured data is unavailable. Following the
mathematical development of Menke (2012), the posteriori variance can be computed
through:
σ2p =
||Gm− d||22
ν
(2.9)
where ν is the number of degrees of freedom, which is equal to the number of data
points minus the number of unknowns.
2.2 Data
2.2.1 Instruments and field configuration
Under the Japanese-Ecuadorian Cooperation Project, ”Enhancing Volcano-Monitoring
Capabilities in Ecuador”, five seismo-acoustic stations were installed at Volca´n Tun-
gurahua, progressively, from July 2006 to July 2008 (Kumagai et al., 2007; Kumagai
et al., 2010). The name of the stations are BPAT, BBIL, BMAS, BULB, and BRUN,
and have radial distances to the vent btween 4.8 and 6.4 km. These stations are
distributed in a network geometry as shown in Figure 2.1 and their positions are
given in Table 2.1.
Table 2.1: Station positions at Volca´n Tungurahua are given in the
Universal Transverse Mercator (UTM) coordinate system, zone 17 M.
Distance and direction to the stations from the vent are indicate.
Station Easting (m) Northing (m) Altitude (m) Distance(m) Direction (o)
BPAT 785165.23 9833226.52 2242.00 4800 164
BBIL 779570.61 9839569.27 2272.00 5300 295
BMAS 780472.58 9833729.87 1173.00 5600 222
BULB 788250.90 9840987.90 2439.00 5900 52
BRUN 786389.14 9843049.08 1228.00 6400 24
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ACO Co. Ltd. infrasound sensors type 7144/4144 and amplifiers type 3348 were
installed at every station. The amplifier filters the sensor output between 0.1 and
100 Hz, and the sensor-amplifier together have a sensitivity of −0.005593 V/Pa. The
sensor-amplifier system has a transfer function H(p), given in Equation 2.10, and its
magnitude and phase responses are shown in Figure 2.2.
Figure 2.1: Seismo-acoustic network geometry at Volca´n Tungurahua.
Yellow dots mark the station positions and the green triangle marks the
vent position.
H(p) =
k1p
6
p8 + k2p7 + k3p6 + k4p5 + k5p4 + k6p3 + k7p2 + k8p+ k9
(2.10)
13
Figure 2.2: Amplitude and phase response for the infrasound meter type
7144/4144 and amplifier type 3348 system.
where p = 2pifj, f is frequency, j is the imaginary unit, and the k-coefficients
are given in Table 2.2. Waves with frequencies higher than 1 Hz are of interest in
this study (see section 2.2.3) and for these frequencies the sensor-amplifier system
response is neraly flat(Figure 2.2). Therefore no instrument corrections are made to
the signals before the analysis.
Table 2.2: Transfer function coefficients for ACO 7144/4144 infrasound
sensor and amplifier type 3348 system.
Coefficient k1 k2 k3 k4 k5 k6 k7 k8 k9
Value 39602018.6 8849.2 39402975.6 48583966.6 26646639.7 7990949.6 1304001.5 102858.6 2729.8
The sensor-amplifier system is connected to a smart-24D digitizer from Geotech
Instruments. The digitizer applies an anti-alias filter to the analog signals, then
samples the signals at 50 Hz, and sends the information to the data center.
14
2.2.2 Data chronology and eruptive styles
Seismo-acoustic stations in Volca´n Tungurahua have been running since mid-2006;
however, continuous and reliable eruptive records from all five stations are only
available from January 2010 to August 2012. The installation of the five stations
was completed in July 2008, after relocating two stations affected by pyroclastic
flows and installing another one to better constrain volcanic activity (Kumagai et al.,
2007; Kumagai et al., 2010). Between July 2008 and December 2009, four or fewer
stations were simultaneously operational during volcanic activity. Therefore I process
data from January 2010 until August 2012, when timing inconsistencies were found
in BMAS station data.
Infrasound data from Volca´n Tungurahua’s network are summarized from January
2009 to December 2012, using root mean square (RMS) amplitudes of signals recorded
at each station (Figure 2.3). The RMS amplitudes are computed using 10 minute
consecutive windows overlapped 50 %, which is similar to RSAM (Endo and Murray,
1991). To remove diurnal non-volcanic variations in infrasound records, the RMS
amplitudes are smoothed using a two-day moving average. For periods of high
volcanic activity, peaks in RMS amplitudes occur simultaneously in all five stations
(Figure 2.3). These peaks are most pronounced in the BBIL and BULB records.
Recorded mean amplitudes decrease as the radial distance between station and
vent increase and is due to geometrical spreading (Figure 2.3). However mean
amplitudes recorded at BPAT station are not only controlled by the geometrical
spreading of energy, they are also influenced by the crater morphology, which appears
to affect radiation directivity (Kim et al., 2012). The crater has an amphitheater
shape that opens towards to the northwest. Waves traveling from the vent towards
15
the southeast are highly diffracted at the crater rim, resulting in lower amplitude
waves recorded at BPAT station.
Volca´n Tungurahua exhibited strombolian, vulcanian, and sub-plinian eruptive
styles from January 2010 to August 2012 (Hidalgo et al., 2015). Infrasound phe-
nomena recorded on December 4th, 2010 at BBIL station (5.3 km away from the
vent) illustrate the multiple eruptive styles (Figure 2.4). On December 4th, the
activity is mainly characterized by short-duration infrasonic signals with amplitudes
ranging between 5 to 50 Pa (e.g., from 00:00 to 13:00, strombolian phase). Between
13:50 and 19:00 the activity evolves to a sustain high-energy degassing tremor with
average peak to peak amplitudes of ∼ 400 Pa (sub-plinian phase). After 19:00 the
activity diminishes and progressively transitions to strombolian phase, but with two
transient high-energy signals between 23:10 and 23:20 (vulcanian phase). During
the vulcanian phase infrasonic signals have amplitudes of ∼ 800 Pa. The eruptive
styles were classified based upon Fee and Matoza (2013) descriptions of strombolian,
vulcanian, and sub-plinian infrasonic records and these descriptions are similar to the
ones used by Hidalgo et al. (2015).
16
Figure 2.3: Infrasoud data recorded at Tungurahua’s network from Jan-
uary 2009 to December 2012. The RMS amplitudes are computed every
10 minutes and then smoothed using a two-day moving average. Distance
and direction to the stations from the vent are indicated. Blank spaces
are periods where data are not available due to technical issues.
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2.2.3 Calculating relative travel times
Almost three years of infrasound records are available to compute weather con-
ditions around Volca´n Tungurahua. Obtaining reliable relative travel times (∆tab) is
critical to compute weather conditions and to calculate infrasound source locations.
Here I present a procedure to calculate and to distinguish relative travel times of
volcanic infrasound from other phenomena. The procedure encompasses four stages:
filtering, computing lag times, distinguishing infrasound signals from noise, and dif-
ferentiating travel times of volcano infrasound from other infrasound sources.
The data are filtered using a 2-pole Butterworth filter between 1 and 5 Hz to
optimize characterization of volcanic signals. In this frequency band, Volca´n Tungu-
rahua’s signals are better correlated than any other band and ambient noise is reduced
(Figure 2.5). This frequency band is also effective for removing microbaroms, which
have peak frequencies between 0.12 and 0.35 Hz (Donn and Rind, 1972). In addition
most of Tungurahua’s acoustic energy appears to lie below 5 Hz based on computation
of spectrograms and previous observations of Johnson et al. (2003).
Ten different lag times can be computed from the five stations (Figure 2.5, example
for BBIL-BRUN pair). To compute lag times, infrasound records are filtered and then
divided into 40-s windows overlapping by 50 %. Next, corresponding 40-s windows
are cross-correlated for lags up to 10 s and lag times with maximum correlation
coefficients are saved. A lag time with the maximum cross-correlation coefficient may
correspond to the relative travel time of an infrasound wave between two stations,
because infrasound waveform shape remains almost unchanged when waves travel for
a few kilometers.
The consistency criterion and geographical filters are used to assess whether lag
19
Figure 2.5: Correlograms between BBIL and BRUN stations are computed
using different filters, for 7.5 hours of degassing activity recorded on May
28, 2010. Quantification of volcanic relative travel times (red bands)
depends on filter selection. a) Broadband infrasound noise hampers
characterization of volcanic signals. b) The filter between 0.5 and 10 Hz
removes high-frequency noise, especially between 18:00 and 21:00. c) A
clear and unique red band indicating relative travel times is achieved by
filtering the signal between 1 and 5 Hz. d) Narrow frequency band between
1.5 and 3 Hz leads to ambiguity - two lag times have similar maximum
cross-correlation coefficients.
times are reliable and correspond to volcano signals. The consistency criterion filters
out lag times that come from cross-correlation functions that do not have a unique
well-defined maximum (Cansi et al., 1993; Figure 2.5d). For stations a, b, and e, the
consistency criterion is:
20
∆tab + ∆tbe −∆tae = 0 (2.11)
where ∆tab, ∆tbe, and ∆tae are the relative travel times between {a, b}, {b, e},
and {a, e} pairs, respectively. Due to signal discretization, the consistency criterion
is relaxed assuming one sample rounding error per relative time arrival as:
|∆tab + ∆tbe −∆tae| ≤ 3 · dt (2.12)
where dt (0.02s) is the sampling interval. With five stations, ten different triples
can be formed. To consider the lag times as relative travel times the ten triples have
to satisfy Equation 2.12 for a given 40-s window; otherwise the five lag times are
rejected.
Geographical filters are used to identify infrasound signals generated by Volca´n
Tungurahua and to reject those signals that might correspond to ballistics, PDCs,
rock falls, or even volcano echoes (eg. Anderson et al., 2016, in prep.). To do
so, I only consider relative travel times (∆tab) of infrasound waves originating within
Tungurahua’s crater and propagating under a range of reasonable weather conditions.
These relative travel times are mainly affected by wind velocities rather than the
intrinsic speed of sound. Using the average speed of sound (∼ 337.5 m/s) and extreme
choices of wind (up to 18 m/s), relative travel times can be obtained from Equation
2.1. Around Tungurahua, wind speeds are generally below 10 m/s, however speeds up
to 18 m/s have been reported by the volcano observatory (see weekly reports of Volca´n
Tungurahua at www.igepn.edu.ec). Synthetic relative travel times are calculated for
wind speeds of 18 m/s with variable direction and assuming a crater 300 m in width.
Wind speeds of 18 m/s can change expected relative travel times up to 2.7 s. The
21
geographical filters reject about 3.1 % of signals that passed the consistency criterion.
Agreement of the consistency criterion and geographical filters suggest reliable
identification of relative travel times for waves originating at volcano crater sources.
This permits to avoid using minimum cross-correlation coefficient thresholds (eg. Fee
et al,. 2010; Marcillo and Johnson, 2010), which may be inappropriate when volcanic
and noise distributions overlap (Figure 2.6). Noise histograms are computed using
infrasound data from May 1 to May 26, 2010, during a period of volcanic quiescence,
while volcanic histograms are computed using persistent infrasound activity from
May 27 to June 31, 2010. The consistency criterion and geographical filters were
run for both periods, resulting in zero volcanic detections during quiescence and 7710
detections over the subsequent eruptive period. When infrasound-inferred relative
travel times in a 40-s window pass the consistency criterion and geographical filters,
the window is counted as a volcanic detection.
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2.3 Computing volcanic wave travel distances
The ray path between vent (783918, 9837621; UTM) and receiver is approximated
with two straight lines, one from the vent to the crater rim and the second from
the crater rim to the receiver (red line, Figure 2.7). This approximation is valid
considering the minimal difference between straight lines and reasonably refracted
paths. Using straight lines as the path and the mean effective speed of sound to model
wave travel times may overestimate the real travel time up to 0.06 s for horizontal
propagation of 5.8 km and vertical drop of 2.2 km (like waves traveling to BRUN,
the farthest station). The refracted travel times were computed using analytical
expressions (Li et al., 1984), assuming different vertical velocity gradients, for effective
sound speeds that decrease with altitude. An extreme scenario at Volca´n Tungurahua
is a vertical velocity gradient equal to -18.4 m/s per km i.e. the effective sound speed
equal to 351 m/s at the crater rim and equal to 310 m/s at BRUN station. Travel
time overestimation (up to 0.06 s) can produce uncertainties on source location up
to 20.25 m, assuming an average sound speed (337.5 m/s). However, typical vertical
velocity gradients at Tungurahua produce travel time overestimations of about 0.02 s,
which has same magnitude order than the sampling interval, the inherent uncertainty
on the data.
24
Figure 2.7: Travel paths for infrasound waves propagating from the vent to
BRUN station, assuming different vertical velocity gradients. The vertical
velocity gradients range from zero (constant velocity; red line) to -18.4
m/s per km (blue line).
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CHAPTER 3
RESULTS
3.1 Volcanic detections
A total of 58590 volcanic detections were triggered between January 2010 and
August 2012, and these detections illustrate the periodic eruptive behavior of Volca´n
Tungurahua as reported by Hidalgo et al. (2015) and Mothes et al. (2015) (Figure
3.1; see Figure 5 from Mothes et al., 2015). Four eruptive periods are recognized
from January 2010 to May 2011 and then an almost continuous infrasound activity
characterized by short-lived explosions and few sustained degassing events between
November 2011 and September 2012 (Hidalgo et al. 2015). Relative travel times
of detected volcanic signals are used to model temporal variations (from minutes
to months) in the atmosphere and also to investigate long-term (months) variations
in the crater morphology. The volcanic detections were sorted in seven eruptive
periods as indicated in Figure 3.1, to robustly quantify systematic changes in relative
travel times, which appear to be related to changes in infrasound source location for
consecutive eruptive periods.
26
Figure 3.1: Number of daily volcanic detections between January 2010
and August 2012 (black bars). Often, during volcanic activity one or more
stations were out of service because ash covered solar panels were not able
to supply enough power to the stations (red bars).
3.2 Inferred weather conditions from infrasound
Travel times of infrasound waves are modulated by the changing atmospheric
conditions, especially air temperature and wind velocity. For instance, infrasound
waves generated at Tungurahua’s vent theoretically would arrive 1.7 s earlier at
BBIL than BULB, when propagating at 337.5 m/s in a windless atmosphere, but
instead, deviations up to 0.42 s are seen over short time periods (e.g., Figure 3.2).
Assuming a fixed source location (783918, 9837621; UTM), these deviations are
mainly attributed to the daily temperature cycles and wind regimes, but also have
second order dependency on the air chemical composition, pressure, and atmospheric
humidity (Cramer, 1992). The sound speed at 10oC can change up to 1 m/s, when
humidity varies from 0 to 100%, pressure changes from 75 to 105 kPa, or CO2
concentration increases from 0 to 10% (see Figure 1 from Cramer, 1992).
27
Neglecting the second order effects, which is common (e.g., Garce´s et al., 1998),
and using information from at least three or more independent relative travel times,
the air temperature and wind velocity can be inferred simultaneously. To do so, I use
the ten computed relative travel times and travel distances to form an overdetermined
system of equations following the template given in Equation 2.5. Then the adiabatic
sound speed (c), zonal winds (wx), meridional winds (wy), and their corresponding
uncertainties are calculated using Equations 2.7 and 2.8. This process is repeated
for every 40-s window that contain robust relative travel times of waves generated in
Tungurahua’s crater region.
Example results are shown for eleven days of strombolian activity, from November
24th to December 4th, 2010, the longest continuous data set that I possess in hand
(Figure 3.3). The average inverted air temperature is equal to 2.1 oC (c ≈ 332.7 m/s)
and 90% of the inverted temperatures range between -10.1 and 16.5 oC. The zonal
winds (wx) are mainly easterlies, with maximum speed of 5.6 m/s. The meridional
winds are evenly distributed between southerlies and northerlies, with maximum
speed of 3.7 m/s.
Histograms for infrasound-inferred weather conditions (between November 24th
and December 4th, 2010) show day and night temperature regimes as well as predom-
inant easterly winds (Figure 3.4). The average day and night inverted temperatures
are equal to 3.9 and 0.4 oC, for local sunrise and sunset times of 6:00 (11:00 UTC)
and 18:00 (23:30 UTC), respectively. The daytime temperature distribution is shifted
to warmer temperatures, with 90% of temperatures spanning from -7.0 to 18.8 oC,
whereas the 90% of night time temperatures span from -11.8 to 13.9 oC (Figure 3.4a).
Average wind speed and direction is equal to 2.3 m/s and 275o (Figure 3.4b).
The relative travel times between BBIL and BULB (Figure 3.2) are strongly
28
Figure 3.2: Relative travel times (red band) for infrasound waves reg-
istered at BBIL and BULB stations, during a continuous strombolian
activity from November 24th to December 4th, 2010. The dashed line
indicates the theoretical relative travel time (1.7 s) for waves propagating
at 337.5 m/s in a windless atmosphere.
correlated with the inferred zonal winds (Figure 3.3b); both follow the same cyclic
pattern. This correlation suggests that relative travel times between BBIL and BULB
are mainly modulated by the zonal winds, which is explained by the almost east-west
relative position between BBIL and BULB. Similarly, stations pairs having relative
north-south position (e.g., BRUN-BPAT, BBIL-BMAS) seem to be more sensitive
and well correlated to meridional winds.
29
Figure 3.3: Inverted air temperatures and wind velocities from November
24th to December 4th, 2010, during continuous and loud strombolian
degassing. Blue areas indicate 95% confidence intervals on the computed
air temperature (T = Mc2/γR), zonal (wx) and meridional (wy) winds.
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3.3 Tracking time-varying infrasound source
In the previous section I related changes in relative travel times to changes in
atmospheric conditions, assuming a single fixed source location. In this section
systematic changes of relative travel times for different eruptive periods are attributed
to potentially variable source positions. Evidence to support systematic changes of
source location is seen in shifts of relative travel time distributions over the course
of 32 months of volcanic activity. Distributions are calculated as relative travel time
histograms for each eruptive period (Figure 3.5a).
Relative travel time distributions are statistically distinct, when the confidence
intervals for their means do not overlap. This permits distinction between distribu-
tions due to changes of the physical process rather than random fluctuations or noise.
The 95% confidence interval for the population mean (∆¯T ab) is:
∆¯tab − 1.96 · S ≤ ∆¯T ab ≤ ∆¯tab + 1.96 · S (3.1)
where ∆¯tab is the mean and S is the standard deviation of a relative travel
time distribution. Confidence intervals for consecutive distributions do not fully
overlap (Figure 3.5). I assume these differences between intervals are due to a
potentially variable source position, since wave travel times are accounted for weather
fluctuations, as explained next.
Relative travel time distributions are generated to match observed data in order to
find the infrasound source location for each eruptive period. Synthetic distributions
that best match observed distributions are used to identify the most likely source
location. Synthetic relative travel times for an eruptive period are forward modeled
using Equation 2.1, with c and −→w obtained from the National Oceanic and Atmo-
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spheric Operational Model Archive and Distribution System (NOMADS). Data from
NOMADS are globally modeled with spatial and temporal resolutions of 0.5o × 0.5o
and 6 hours. Synthetic distributions are computed for all ten station pairs and for 3654
grid points located in a 285×310 m search area ([783763, 784073]×[9837476, 9837761],
17 M; Figure 3.6a). Grid spacing is 5 m in both easting and northing directions.
Cross-correlations of synthetic and observed distributions are used to quantify
misfits. Cross-correlation timing offsets (τ(x, y)) are calculated for each station pair
and the total error at each grid point is given by:
(x, y) =
10∑
i=1
τ(x, y)2i (3.2)
where i indicates summation over all station pairs (e.g., BPAT-BBIL, BPAT-
BMAS) and x, y indicate grid point position. The best source location (x˜, y˜) cor-
responds to the grid point where (x, y) is minimized. Uncertainties on computed
source locations are quantified from the curvature of (x, y) and the misfits between
observed and synthetic relative travel times as (Menke, 2012, pp. 63-66):
[cov xy] =
(x˜, y˜)
4
·
∂2(x,y)∂x2 ∂2(x,y)∂x∂y
∂2(x,y)
∂y∂x
∂2(x,y)
∂y2

−1
(x=x˜,y=y˜)
(3.3)
The 95% confidence region is an ellipse, which semi-principal axes directions
are given by the eigenvectors of [cov xy]−1 and semi-principal axes lengths by the
corresponding eigenvalues (λ1, λ2) as (Aster et al., 2011, pp. 34-36):
√
F−1χ2,2(0.95)
[
1/
√
λ1, 1/
√
λ2
]
(3.4)
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where F−1χ2,2(0.95) ∼ 5.99 is the 95th percentile of the chi-squared distribution with
two degrees of freedom.
Infrasound locations indicate migration of the source over time (Figure 3.6b-h).
Sources appear to move between 5 and 44 m for consecutive eruptive periods and
three shifts exceed the uncertainties at 95% confidence regions (Figure 3.7). Shifts of
37, 30, and 44 m occur between the first-second, second-third, and fifth-sixth eruptive
periods, respectively.
34
Figure 3.5: Relative travel times are computed between BBIL and BMAS
stations. a) Systematic changes of infrasound inferred relative travel times
for the seven eruptive periods. b) Confidence intervals for the relative
travel time distributions.
35
Figure 3.6: Infrasound source locations. a) Shaded topography of Tun-
gurahua, showing the grid search area (blue box). b)-h) Source locations
(red star) and RMS timing errors (contour lines,
√
/10) for each eruptive
period, including source locations for the other periods (blue stars).
36
Figure 3.7: Ellipses are drawn to show the 95% confidence regions on
source locations. Sources are considered to be different when the regions
indicating location do not overlap.
37
CHAPTER 4
DISCUSSION
4.1 Atmospheric tides and tephra deposits
Assuming a fixed source location, spatially averaged solutions for air temperature
and wind velocity were computed. In this section I explain those solutions that are
corroborated by observations and atmospheric models and highlight some shortcom-
ings of the analysis.
Infrasound-inferred air temperatures and wind speeds show both diurnal (24 h)
and semidiurnal (12 h) cycles, which may be related to atmospheric tides (Figure
4.1). Peaks at 1 and 2 cycles per day are revealed on air temperatures and wind
velocities after using the Lomb method (Press et al., 1992, pp. 575) on inverted data
from November 24th to December 4th 2010 (Figure 4.1a-b). Diurnal and semidiurnal
peaks can be explained by atmospheric tides, as they produce regular oscillations in
atmospheric wind, temperature, and pressure fields at these frequencies (Marty et
al., 2010). The diurnal tide is related to the radiative heating of the tropospheric
water vapor and ground, whereas the semidiurnal tide is related to the radiative
heating of the ozone (Marty et al., 2010). The data suggest that semidiurnal tides
have higher influence on the inverted air temperatures, whereas the diurnal tides
have more influence on the inverted wind speeds, over short periods of time (Figure
4.1a-b). Semidiurnal oscillations are evident when hourly medians of air temperatures
38
and wind velocities are calculated using the full data catalog (Figure 4.1c-d). Similar
semidiurnal wind trends were also found using weather station data, ∼ 4o south from
the equator in the Cordillera Real (see Figure 7.8 from Emck, 2007).
Infrasound-inferred wind directions agree with mapped ash deposits for the August
2012 eruptive period (Figure 4.2). During three weeks of continuous strombolian
activity Tungurahua ejected ∼ 0.29 × 106 m3 of tephra, which was deposited on
the west flank of the volcano (Figure 4.2a; modified from Lyons et al., 2013). The
major axis of isomass ellipses indicate the predominant wind direction during tephra
deposition. The wind direction of 255o corresponds to the isomass contour within 10
km and agrees well with the average inverted wind direction of 260o. Ash deposits
validate infrasound inferred wind directions for the August 2012 eruption and suggest
that infrasound-derived winds can be utilized as input for ash dispersal modeling.
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Air temperatures inverted using the full data catalog range from -38.7 to 50.26
oC, of which 88% (from -18.5 to 21.1 oC) are corroborated by either numerical results
from NOAA, data from a local weather station, or previous observations of infrasound
waves propagating in Tungurahua. Data from NOAA and local weather stations
sample different portions of the atmosphere than the results here presented, therefore
direct comparisons between data sets are unsuitable. However information from
NOAA and a weather station in Ban˜os city (10 km away from the vent) can help to
constrain the range of expected temperatures. From January 2010 to August 2012 and
during Tungurahua’s eruptions the maximum temperature reported by NOAA is 20.1
oC and similarly the temperature logs from the weather station indicate a maximum
temperature of 21.1 oC. The minimum temperature reported by NOAA is -4.8 oC,
but Johnson et al. (2005) showed that waves propagating in temperatures of −18.5oC
(320 m/s) are reasonable and can provided consistent timing between infrasonic wave
onsets and video data. Further, temperatures of −18.5oC are appropriate for altitudes
ranging from 2641 to 5023 m a.s.l., where snow storms are frequent and a small summit
glacier still exists (see Figure 1.1). Temperatures outside of the expected range may be
explained by model deficiencies (Equation 2.1), relaxation of the consistency criterion,
assumption of a non-refractive medium, and infrasound source position variability.
The inverted zonal and meridional winds depend on the sound speed (c), as they
are weighted by 1/c2 in Equation 2.5, and a correlation analysis permits quantification
of the influence of mutual model parameters. The statistical correlation (ρij) between
model parameters are obtained using the Pearson correlation coefficient as:
ρij =
cov mij√
cov mii · cov mjj (4.1)
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where i and j subindexes indicate either the first (1/c), second (wx/c
2), or third
(wy/c
2) model parameters. The correlations are ρ12 = −0.13, ρ13 = −0.72 , and
ρ23 = −0.18, which shown a low statistical dependency between the first-second
and second-third parameters, and fairly high dependency between the first-second
parameters.
4.2 Evidence for changing infrasound locations
Systematic changes of relative travel times are observed during 32 months of
Tungurahua’s volcanic activity and can be related to time-varying infrasound source
locations. Source variability is expected after energetic and violent eruptions that
destructively alter the vent and crater morphology. In this section I present evidence
of changes in Tungurahua’s vent and crater morphology and relate these changes to
the computed source locations.
Aerial observations show that Tungurahua’s vent and crater were modified during
intense volcanism occurring between January 2010 and August 2012 (Figure 4.3 and
Figure 4.4). Usually during intense and violent eruptive activity, ejected pyroclasts
and eruptive columns can erode the conduit, vent, and crater. Destruction of conduit
plugs, ejection of large amount of ballistics, lava flows, and eruptive columns leading
to PDC formation were reported during two major vulcanian eruptions (May 28 and
November 22, 2010) as well a violent strombolian eruption (August 2012) (Bustillos
et al., 2013; Hall et al., 2015; Lyons et al., 2013; Mothes et al., 2015). These eruptive
periods and several others (e.g., May 2011) are associated with drastic changes in
crater morphology as documented for Instituto Geofisico from imagery obtained
during overflights. Imagery indicates an evolution from wide and shallow crater in
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March 2010 to a narrow and deep crater in September 2010 to a widening of the crater
in March 2011, and to a widening and deepening in October 2011. Between October
2011 and April 2012 no major changes in crater morphology were seen, whereas by
November 2012 crater wall collapses were observed.
Photos taken in March 2010, September 2010, and March 2011 indicate the shape
of the crater after the first, second, and third eruptive periods. The substantial crater
morphology alteration between the first-second and second-third eruptive periods are
corroborated by infrasound source locations. Shifts of 37 m and 40 m (as described
in section 3.3) coincide with the two major vulcanian eruptions reported in May
and November 2010. The third infrasound source shift of 44 m (fifth-sixth) may be
related to progressive crater wall collapses evident in imagery that occurred during
continuous and mild eruptive activity between December 2011 and August 2012.
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Figure 4.4: Crater morphology changes from April 2012 to November
2012. Crater dimensions have not significantly changed from October
2011 to April 2012. In November 2012, crater wall collapses (blue line)
are observed. Photos courtesy of Patricio Ramo´n.
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CHAPTER 5
CONCLUSIONS
I demonstrate that infrasound waves generated at Volca´n Tungurahua and recorded
locally (within 6.5 km from the vent) can be used to obtain information about air tem-
peratures and winds in the troposphere, from 2.6 to 5 km a.s.l.. Air temperatures and
wind velocities are simultaneously inferred from volcano infrasound, for the first time.
Infrasound-inferred weather conditions provide evidence for diurnal and semidiurnal
tropospheric tides. Atmospheric tides have bigger amplitudes at equatorial latitudes
(Dai and Wang, 1999) and their effects on wave propagation, over short distances (6.5
km) and time periods (days), are documented for the first time. Infrasound-inferred
winds are validated by other observations including mapped ash deposits for the
August 2012 eruptive period.
I also relate systematic changes of relative travel times to time-varying infrasound
source locations, whose variability are associated with changes in crater morphology.
The location method incorporates NOAA atmospheric models and permits infrasound
source position accuracy of ∼10 m with 95% confidence levels. Infrasound locations
indicate significant source migration of 37, 30, and 44 m between the first-second,
second-third, and fifth-sixth eruptive periods, respectively. The first two source
location shifts coincide with two major vulcanian eruptions reported in May and
November 2010. The third movement is related to more continuous volcanic activity
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between December 2011 and August 2012, that produced weakening of crater walls,
which subsequently collapsed.
Recordings from five stations located in a network geometry permit robust iden-
tification of Tungurahua’s eruptive cycles. I show that networks of infrasound sen-
sors near the volcano have capabilities for detecting activity as well as for locating
sources accurately and tracking changes in atmospheric structure. Future studies
at Tungurahua and elsewhere can benefit from denser networks to simultaneously
compute infrasound source locations and atmospheric structure. Networks with better
azimuthal coverage are sensitive to smaller changes in wind velocity, especially when
receivers are located in oposite flanks of the volcano. Improving the radial coverage
may permit retrieval of vertical profiles of wind and air temperature. Better radial
and azimuthal coverage will reduce source location uncertainties, since effects from
individual wave travel paths can be averaged out.
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